Introduction {#sec1}
============

The ability to reversibly modify metal-oxide band structures for dynamic optoelectronic properties in a nondestructive fashion has been identified as a grand challenge^[@ref1]^ for the deployment in cutting-edge adaptive electronic devices.^[@ref2],[@ref3]^ Further, band structure engineering via doping,^[@ref4]^ straining,^[@ref5]^ and hierarchical structuring^[@ref6]^ of these metal-oxides plays an important role in tuning their optical transparency,^[@ref7],[@ref8]^ conductivity,^[@ref9]^ magnetization,^[@ref10]^ and mechanical stability^[@ref7]^ for hybrid adaptive electronics.^[@ref11],[@ref12]^ However, all of these methods result in undesired structural/compositional changes and leave a permanent footprint. Therefore, recent reports employ temperature and pressure treatments (∼3 GPa)^[@ref13]^ or strong electrical (10^2^ kV/cm)^[@ref14]^ and optical impulses (MW/cm^2^)^[@ref3]^ etc., to modify the band structure for dynamic optoelectronic responses. Unfortunately, multiple cycling under these strong fields cause resistance drift in the material,^[@ref15]^ and thereby, depreciate the lifetime of the device.^[@ref16]^

Alternatively, interface modification with organic molecules has been extensively investigated to modulate the band gap^[@ref17]−[@ref19]^ and improve the charge separation^[@ref20]^ of doped metal-oxides without impacting chemical stability. For example, in dye-sensitized solar cells, these modifiers are employed to systematically tune the open-circuit voltage and short-circuit current, along with an improvement of 10% in the external quantum efficiency.^[@ref21]^ While these interfacial modifiers are proven efficient in directing the charge carriers and reducing their injection barriers,^[@ref22]^ there have been no reports exploring the reversible engineering of valence band structure of doped metal-oxides which have a direct impact on applications where continuous application of fields is required (responsive wearable electronics).^[@ref23]^

This work utilizes weakly chemisorbed molecular dipoles to reversibly modify the valence band electronic structure of doped metal-oxides for selective control of the resultant optoelectronic properties. Owing to their multifunctionality and chemical stability,^[@ref24]^ TiO~2~:Ni^2+^ thin films were synthesized via sol--gel chemistry and functionalized with molecular dipoles (μ = ±4 D) to modify the effective ligand field strength. The real-time evolution of the band structure was probed with ultraviolet photoelectron spectroscopy (UPS) when functionalized with varying surface coverages of molecular dipoles. Additionally, electronic structure calculations were performed on isolated benzoic acid (BZA) ligand molecules and ligand-bonded TiO~2~/TiO~2~:Ni^2+^ surfaces using density functional theory (DFT). These calculations allowed for elucidating the interrelationship between the orbital hybridization (substrate valence band/ligand occupied levels) and ligand bonding geometry. The experimental and theoretical work herein demonstrate that the electronic properties of doped metal-oxides are directly proportional to the direction and magnitude of the molecular dipole. This ability to reversibly engineer the electronic structure of doped oxides is important for future applications in spintronics and nonvolatile memory devices, which utilize the phenomenon of spin-state switching.^[@ref25]^

Experimental and Methods Section {#sec2}
================================

Materials {#sec2.1}
---------

Titanium(IV) Isopropoxide (TTIP, Acros Organics, \> 98%), nickel(II) chloride hexahydrate (NiCl~2~·6H~2~O, BTC, \> 99%), hydrochloric acid (HCl, 36--38.5% purity, ACS grade), *p*-nitrobenzoic acid (NO~2~-BZA, Alfa Aesar, 99%), *p*-aminobenzoic acid (NH~2~-BZA, VWR Chemicals), and reagent alcohol (ethanol, \< 0.075% VWR Analytical) were obtained. All the materials were used without further purification.

Deposition of TiO~2~/TiO~2~:Ni^2+^ Thin Films {#sec2.6}
---------------------------------------------

Pure TiO~2~ and TiO~2~:Ni^2+^ films were deposited on Si (100) substrates by following the sol--gel recipe reported elsewhere.^[@ref17],[@ref26],[@ref27]^ Briefly, homogeneous TiO~2~:Ni^2+^ sol was prepared by dissolving NiCl~2~·6H~2~O precursor in acidic solution of ethanol (5 mL of ethanol and 125 μL of HCl) and then adding 1.5 mL of TTIP dropwise. After 3 h of continuous stirring, the sol was aged in dark for 24 h. To form films of thickness 45 nm, the sol was diluted (1:2, v/v) with ethanol and spin-coated onto Si (100) substrates at 3000 rpm for 60 s. The spin-coated samples were dried at 100 °C for 5 min with subsequent annealing at 450 °C for 1 h under low vacuum (∼100 mTorr). These films were then transferred to an ultrahigh vacuum chamber where the UPS measurements were conducted to perform the second step of annealing for 1 h at 450 °C. Optimum Ni doping concentration of 10 mol % was chosen in this study as previous reports show that higher doping concentrations tend to form impurity phases such as NiTiO~3~ or NiO.^[@ref17],[@ref27],[@ref28]^

Dosing of TiO~2~/TiO~2~:Ni^2+^ Films {#sec2.2}
------------------------------------

The vapors of BZA ligands were adsorbed onto the surface of pure TiO~2~ and TiO~2~:Ni^2+^ (10 mol %) films using *in situ* physical vapor deposition method. The solid BZA powders were loaded into a Pyrex tube attached to a standard leak valve. The tube was thoroughly outgassed overnight at 60 °C to ensure the purity of the BZA vapors. Prior to dosing BZA vapors onto the surface of the films, the tube was heated with a heating tape to 100 °C and the temperature was measured using a K-type thermocouple. After 15 min of heating, the leak valve to the main chamber was slowly opened and the BZA vapors were dosed at a pressure of 10^--6^ Torr for 100 s for a total dose of 100 Langmuir (1 Langmuir = 10^--6^ Torr·s). To perform dosing of another BZA, the previously dosed substrate was flash annealed at 250 °C for 15 min and the ultraviolet photoelectron spectra was collected to verify the surface composition before passing the BZA vapors.

Structural Characterization {#sec2.3}
---------------------------

Symmetric θ-2θ scans were performed on TiO~2~:Ni^2+^ (10 mol %) thin films using PANalytical Empyrean diffractometer with Cu Kα1 monochromatic radiation in Bragg--Brentano geometry. The diffractometer was operating at 45 kV and 40 mA, and the X-ray beam was incident on the sample at 1° for these in-plane XRD measurements. The scattered X-ray intensity was monitored as a function of 2θ angle in the range of 15--70° with a step size of 0.007° and dwell time of 198 s.

Electronic Characterization {#sec2.4}
---------------------------

UPS measurements were undertaken at the 5-m toroidal grating monochromator (TGM) beamline at the Center for Advanced Microstructures and Devices (CAMD) at the Louisiana State University. The beamline and endstation are described in detail elsewhere.^[@ref29]^ The beamline is equipped with an ultrahigh vacuum chamber endstation, which carries an Omicron EA 125 hemispherical electron energy analyzer with a five-channel detector that analyzes the energies of photoelectrons excited by ultraviolet photons dispersed by the beamline gratings or X-ray photons delivered by a DAR-400 dual Mg/Al X-ray source resided on the chamber. UPS spectra were collected with a constant pass energy of 10 eV with varying photon energies. The endstation was maintained at a base pressure of 10^--10^ Torr. All the UPS spectra were acquired in normal emission geometry with a 45° incident angle to the surface normal. The binding energies (BEs) were referenced with respect to the Fermi level of a gold foil in electrical contact with the sample, normalized at 19.75 eV, and calibrated to the defect Ti^3+^ peak located at 1 eV for pure TiO~2~. The normalizationwas chosen such that it is solely derived from the inelastic secondary electrons and not from any TiO~2~ or adsorbate features. The surface of the TiO~2~ films was cleaned by cycles of 1.5 keV Ne^+^ sputtering for 15 min followed by rapid annealing to 450 °C for 5 min prior to the UPS measurements. A DAR-400 dual Mg/Al nonchromatic X-ray source with an Omicron EA 125 hemispherical electron energy analyzer with a five-channel detector was employed for XPS measurements. These measurements were conducted in the same chamber immediately following the UPS measurements. The XPS spectra were collected in a constant pass energy mode with pass energy of 50 eV and was calibrated to adventitious C 1s peak at 284.6 eV.

Computational Details {#sec2.5}
---------------------

The density functional theory (DFT) geometry optimizations were performed on isolated BZA ligands using the Gaussian16 software package^[@ref30]^ with the B3LYP hybrid functional and the 6-31G++ basis set. DOS of molecular dipoles was then obtained by convoluting the calculated electronic states with a Gaussian function of full-width at half-maximum (fwhm) of 1.5 eV using the GaussSum program.^[@ref31]^

All DFT calculations on the ligand-bonded TiO~2~/TiO~2~:Ni^2+^ surfaces were performed using the Vienna ab-Initio Simulation Package (VASP).^[@ref32],[@ref33]^ The Kohn--Sham orbitals were constructed in a plane-wave basis with an energy cutoff of 400 eV. The projector augmented wave (PAW) method^[@ref33]^ was used to describe these orbitals in the core regions. The exchange correlation energy was calculated in the generalized gradient approximation using the Bayesian Error Estimation Functional with van der Waals corrections (BEEF-vdW). An additional on-site self-interaction correction was applied to the Ti 3d orbitals using the rotationally invariant implementation by Liechtenstein et al.^[@ref34]^ A value of 4 eV was used for the rotationally averaged effective Coulomb integral (U--J). Calculations were performed using a 2 × 2 × 1 Γ-centered k-point mesh. Population of the Kohn--Sham orbitals was determined using an error-function distribution with a width of 0.2 eV.

The Kohn--Sham orbitals were determined using an iterative procedure based on the blocked Davidson scheme. The charge density was determined at each step using the Pulay mixing scheme with a mixing fraction of 0.1 for the total charge density and 0.4 for the magnetization density. A tolerance of 10^--4^ eV was used for determining the convergence of the Kohn--Sham orbitals and charge density. Geometries of minimum energy structures were obtained using a conjugate gradient algorithm. Convergence was achieved when all atomic forces were below 0.05 eV/Å.

The TiO~2~ (101) surface was constructed from a bulk unit cell with reported experimental lattice constants of *a* = 3.785 Å and *c =* 9.514 Å. The surface was composed of four Ti~4~O~8~ layers inside a monoclinic unit cell with lattice constants *a* = 5.443 Å, *b* = 7.552 Å, *c =* 27.861 Å, and γ = 110.3°. Prior to adsorption of the molecules, the two bridging surface oxygens in each unit cell were removed to mimic the sputtered surface onto which adsorption occurs. This results in all four Ti^4+^ cations in the surface layer being reduced to Ti^3+^. Two deprotonated NO~2~-BZA molecules per unit cell were placed on the surface in a bidentate configuration, resulting in oxidation of two Ti^3+^ to Ti^4+^ to maintain a charge-neutral surface. This corresponds to the below process that is believed to occur upon adsorption. Adsorption of NH~2~-BZA and zwitterionic NH~2~-BZA molecules per unit cell did not result in this oxidation of the surface.

The Ni-doped surfaces were constructed by exchanging a Ti^3+^ on the undoped surface with a Ni^2+^ and oxidizing a second Ti^3+^ to Ti^4+^ to maintain a charge-neutral surface. Adsorption of NO~2~-BZA on the Ni-doped surface also resulted in the oxidation of the remaining two Ti^3+^ cations to Ti^4+^. One of the two NO~2~-BZA molecules was placed in a bidentate configuration binding to two Ti cations. The second molecule was placed in a bidentate configuration binding to one Ti cation and the Ni cation, although the weak bond with Ni approaches a monodentate configuration.

Results and Discussion {#sec3}
======================

TiO~2~ and TiO~2~:Ni^2+^ (10 mol %) thin films were deposited on Si (100) substrates by following the sol--gel recipe described above. The film roughness, conformality, and optical absorption have been observed to be similar to what has been reported previously.^[@ref17]^ The diffraction pattern of the TiO~2~:Ni^2+^ (10 mol %) film indicates that all the major diffraction peaks correspond with the anatase TiO~2~ structure ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)), suggesting the crystalline nature of the doped TiO~2~ films. Additionally, X-ray photoelectron spectroscopy (XPS) measurements indicate the presence of Ti, Ni, O, and C elements in the survey spectrum ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)). These results coupled with XRD indicate that the films are crystalline with uniform Ni distribution in the host TiO~2~ matrix. To further investigate the electronic band structure and verify homogeneous distribution of Ni doped TiO~2~ thin films, UPS measurements were performed at the 5-m toroidal grating monochromator (TGM) beamline at the CAMD synchrotron source.^[@ref29]^ Prior to the measurements, the surface of the TiO~2~/TiO~2~:Ni^2+^ films were cleaned by cycles of 1.5 keV Ne^+^ sputtering for 15 min followed by rapid annealing to 450 °C for 5 min. The UPS spectra were collected at 40 eV (nonresonant) and 46 eV (Ti 3p-Ti 3d resonance) to quantify the hybridization of the ligand with the Ti 3d energy levels.^[@ref35],[@ref36]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the undoped TiO~2~ spectrum is composed of three main features located at 1, 5, and 7.1 eV. The peak within the band gap at 1 eV is attributed to the Ti^3+^ surface defects^[@ref37]^ arising from the formation of oxygen vacancies during the cleaning cycles.^[@ref38]^ The shoulder centered at 5 eV is ascribed to the hybridized O 2p-Ti 3d π-bonding levels (\*) and the higher BE peak at 7.1 eV is attributed to the O 2p-Ti 3d (e~g~) σ-bonding levels (\#).^[@ref39],[@ref40]^ The UPS spectrum of TiO~2~:Ni^2+^ film confirms a homogeneous Ni distribution based on the overall shift (0.2 eV) toward the Fermi level and slight increase in the intensity of the Ti^3+^ defect peak due to the formation of oxygen vacancies upon Ni doping.^[@ref17]^ More importantly, the absence of spectral features in the lower BE region (0--2 eV) indicate that Ni^2+^ is substitutionally doped into the host TiO~2~ lattice without the formation of impurity phases such as NiTiO~3~, NiO, or metallic Ni.^[@ref17],[@ref27],[@ref41]^

![UPS spectra of undoped TiO~2~ and TiO~2~:Ni^2+^ (10 mol %) film demonstrating the shift in the binding energy toward the Fermi level upon Ni doping. The defect Ti^3+^ peak at 1 eV is due to the oxygen vacancies.](la0c00564_0001){#fig1}

Next, *para*-substituted benzoic acid (BZA) molecular dipoles were adsorbed on the surface of the pure TiO~2~ and TiO~2~:Ni^2+^ (10 mol %) films via *in situ* vapor deposition to reversibly engineer their band structures. XPS measurements were conducted to verify the adsorption from the N 1s peaks in the survey spectrum of dosed-TiO~2~ films ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the evolving valence band structure and band bending of TiO~2~ in the low BE region (0--10 eV), along with the appearance of organic features in both the low (0--2.5 eV) and high BE region (10--20 eV) upon 500 L BZA deposition at room temperature. For the NO~2~-BZA (μ = +3.8 D) dosed-TiO~2~ films ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, top), broadening of the main peak at 7.1 eV is observed and is attributed to the hybridization between the occupied ligand orbitals and the Ti 3d (e~g~), O 2p σ-bonding orbitals.^[@ref40]^ At Ti 3d resonance (46 eV), the main peak increases in intensity upon NO~2~-BZA dosing compared to the clean TiO~2~ surface, which is not observed under nonresonant energies (40 eV, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Furthermore, this peak, along with the lower energy shoulder at 5 eV corresponding to the Ti 3d π-bonding levels, is shifted toward the Fermi level, which indicate upward band bending with the electron-withdrawing ligand.^[@ref42]−[@ref44]^ Additionally, a sharp decrease in the intensity of the Ti^3+^ peak is observed for the NO~2~-BZA dosed TiO~2~ films. While this dampening is primarily due to the reoxidation of this site upon preferential bidentate adsorption of the carboxylic acid groups,^[@ref45]^ the electron-withdrawing nature of the NO~2~ group also promotes the metal-to-ligand charge transfer.

![(a) Resonant and (b) Nonresonant UPS spectra of NO~2~-BZA-dosed TiO~2~ films demonstrating upward valence band bending according to the direction of the dipole moment of the ligand. The metal-to-ligand charge transfer is also clearly observed in the defect Ti^3+^ peak at 1 eV. The difference spectra of dosed-TiO~2~ films (middle panel) and DOS of the molecule (bottom panel) is also shown below for comparison.](la0c00564_0002){#fig2}

To elucidate the origin of these spectral features upon dosing, DFT calculations were performed. The difference spectra, which highlights the ligand derived features, were compared to the density of states (DOS) of the isolated ligand molecules. The difference spectrum for the dosed-TiO~2~ films were generated by subtracting the pure TiO~2~ (scaled down by a factor of 0.65 to account for attenuation of the emission from the substrate due to the surface ligand) from the dosed-TiO~2~ spectra after correcting for the band energy shifts. The difference spectrum upon NO~2~-BZA dosing ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, middle) shows a dip at 1 eV which is attributed to the Ti^3+^ oxidation. The difference spectrum shows features at higher BE (10--20 eV), agreeing with the NO~2~-BZA DOS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, bottom), and is attributed to the presence of the nonhybridized ring π-bonding states.^[@ref46]^ The molecular HOMO peaks are much narrower than the experimentally observed peaks because of the exclusion of hybridization effects. However, in the lower BE region, the ligand occupied states at 5 and 7.5 eV are observed in the difference spectrum, with no signature of the occupied states at 10 eV (\#). This deeper energy region (∼10 eV) in the substrate UPS spectrum is composed of Ti 3d (e~g~) and O 2p σ-bonding levels, which are expected to hybridize with the ligand levels, resulting in the formation of newer ligand-substrate-derived levels that differ in energy and intensity from the ligand levels. The Kohn--Sham molecular orbitals for the NO~2~-BZA (inset of bottom panel of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a; see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)) also indicate strong hybridization with the substrate (TiO~2~) orbitals. Additionally, this phenomenon of orbital hybridization is further corroborated from the nonresonant UPS spectrum of the NO~2~-BZA dosed TiO~2~ film ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) since this excitation energy does not capture the surface ligand-Ti 3d hybridization. In the nonresonant UPS spectra, all the peaks in the difference spectrum are aligned well with the DOS of the ligand and the main peak at 7 eV is lower in intensity than the clean surface, both of which indicate weak hybridization.

Alternatively, the effect of the electron-donating ligand, i.e., NH~2~-BZA (μ = −4.5 D) on the electronic structure of TiO~2~ was investigated after Ne^+^ sputter--annealing of the previously NO~2~-BZA dosed-TiO~2~ film ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)). A similar broadening of the hybridized peak at 7.1 eV is observed for electron-donating ligand, i.e., NH~2~-BZA dosed-TiO~2~ films, with no noticeable change in the overall peak intensity or peak position ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). However, minor organic features at 4, 10, and 11.8 eV are observed along with a slight decrease in the Ti^3+^ intensity, which is due to the attenuation from ligand coverage.^[@ref47]^ In contrast to the NO~2~-BZA dosed-TiO~2~ films, the difference spectrum of NH~2~-BZA dosed-TiO~2~ films at the resonant energy (46 eV) matches reasonably well with the DOS of NH~2~-BZA (middle and bottom panel of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), similar to the nonresonant spectrum (40 eV, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), indicating weak hybridization with the substrate. The lower energy of the Kohn--Sham orbitals of the NH~2~-BZA adsorbed on the surface of TiO~2~ also suggest weaker hybridization with the substrate (inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a; see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)). Moreover, this difference in the hybridization of the BZA ligands with the substrate orbitals has been previously observed in the X-ray absorption studies of TiO~2~:Ni^2+^ films, which indicate strong hybridization of the Ni e~g~ orbitals with the NO~2~-BZA ligand compared to the NH~2~-BZA.^[@ref17]^ This phenomenon of weak hybridization of the NH~2~-BZA ligands is attributed to the formation of reduced dipole moment zwitterionic structures, as reported for amino acids.^[@ref45],[@ref48]^ Furthermore, the adsorption energies of these ligands on the surface of TiO~2~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) also suggest the formation of zwitterionic NH~2~-BZA, resulting in an equilibrium adsorption of both NH~2~-BZA and zwitterionic NH~2~-BZA on the surface of TiO~2~. Although the zwitterionic NH~2~-BZA has highest adsorption energy, the binding energies for NH~2~-BZA are also comparable to that of NO~2~-BZA. Additionally, a systematic trend in the evolving spectra were observed with other surface coverages for both ligands ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)), indicating that the band bending shift is proportional to the surface coverage and the magnitude of the effective surface dipole moment.

![(a) Resonant and (b) Nonresonant UPS spectra of NH~2~-BZA-dosed TiO~2~ films demonstrating downward valence band bending according to the direction of the dipole moment of the ligand. The difference spectra of dosed-TiO~2~ films (middle panel) and DOS of the molecule (bottom panel) is also shown below for comparison.](la0c00564_0003){#fig3}

###### Adsorption Energies of BZA Ligands in eV on the Surface of Undoped and Ni Doped Anatase TiO~2~ (101)

  Thin Film       NO~2~-BZA   NH~2~-BZA   NH~3~^+^-BZA
  --------------- ----------- ----------- --------------
  TiO~2~          --1.72      --1.7       --2.22
  TiO~2~:Ni^2+^   --1.33      --1.28      --1.73

To understand the effect of molecular dipoles on doped metal-oxides, TiO~2~:Ni^2+^ films were also dosed with these BZA ligands.^[@ref49]^ Analogous to the NO~2~-BZA dosed-TiO~2~ films, the UPS spectrum of NO~2~-BZA dosed-TiO~2~:Ni^2+^ films ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) shows broadening of the main peak at 7 eV, shifting of the Ti 3d π-bonding levels (∼5 eV) to lower BE, and extreme dampening of the Ti^3+^ defect peak. Similarly, for the NH~2~-BZA dosed-TiO~2~:Ni^2+^ films ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), hybridization of the Ti 3*d* (e~g~) with the ligand occupied levels was observed from the broadening of the main peak at 7 eV, and a slight blue shift of the valence band spectra to higher BE is noticed. Moreover, the difference spectra for both NO~2~-BZA and NH~2~-BZA dosed-TiO~2~:Ni^2+^ films match well with the calculated DOS of the isolated ligand molecules (middle and bottom panels of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). While this is expected for the NH~2~-BZA bonded TiO~2~:Ni^2+^ films due to the formation of zwitterionic structures resulting in weak hybridization, it was not expected for the NO~2~-BZA bonded TiO~2~:Ni^2+^ films. To explain this difference between the NO~2~-BZA bonded TiO~2~ and TiO~2~:Ni^2+^ films, the bonding geometry of the ligand on these films was identified from DFT calculations performed using Vienna Ab initio Simulation Package (VASP).^[@ref50],[@ref51]^ The DFT calculations on NO~2~-BZA bonded TiO~2~ and TiO~2~:Ni^2+^ (101) surfaces reveal that the bidentate bonding geometry with the deprotonation of the carboxyl groups^[@ref52]^ is the most stable binding mode for NO~2~-BZA on the surface of undoped TiO~2~ ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf)), whereas for the TiO~2~:Ni^2+^ (101) surface ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), the presence of both monodentate and bidentate bridging modes of NO~2~-BZA is identified. Although the bidentate bridging mode is the most stable binding geometry on the surface of anatase TiO~2~, the binding geometry is a function of the surface structure exposed to the ligand that changes upon Ni doping.^[@ref48]^ Therefore, the weak orbital overlap is a result of the modified binding geometry, as observed from resemblance of the difference spectra of dosed-TiO~2~:Ni^2+^ films with the DOS of the BZA ligands.^[@ref52]^ Collectively, these DFT results confirm that the experimentally observed hybridization of the ligand-substrate orbitals reflects the ligand binding geometry.^[@ref53]^ More importantly, incorporation of transition metal dopants changes the hybridization of the higher energy σ-bonding Ti/Ni 3d (e~g~) levels with the ligand, causing different ligand binding geometry.

![UPS spectra of (a) NO~2~-BZA and (b) NH~2~-BZA-adsorbed TiO~2~:Ni^2+^ films, demonstrating dipole-dependent band bending. The difference spectra of dosed-TiO~2~:Ni^2+^ films (middle panel) and DOS of isolated ligands (bottom panel) is also shown below for comparison.](la0c00564_0004){#fig4}

![Monolayer on TiO~2~:Ni^2+^ (10 mol %) film showing a mixed monodentate and bidentate configuration of the NO~2~-BZA ligand.](la0c00564_0005){#fig5}

The experimental UPS spectra, in conjunction with the DFT adsorption energy calculations, affirm that the band bending and the hybridization of the substrate--ligand orbitals is a function of the effective dipole moment of the ligand. Since the NH~2~-BZA adsorbed on the surface of TiO~2~ partly transforms into the zwitterionic structure, weak orbital hybridization and no significant band bending is noticed. Upon Ni doping, lower adsorption energies were observed, which are indicative of the weak hybridization between the ligand and the substrate levels, resulting in a monolayer of mixed monodentate and bidentate configuration. Furthermore, these differences in the adsorption energies, which are indicative of the binding geometry/strength are reflected in the experimental UPS spectra. The peak around 10 eV in the difference spectra is ascribed to the substrate σ-bonding levels^[@ref40]^ that hybridize with the ligand levels.^[@ref17]^ This peak is absent in the difference spectrum of NO~2~-BZA dosed-TiO~2~ films, indicating strong hybridization that results in the formation of newer ligand-derived electronic levels. For the remaining dosed-films, this peak is observed in the difference spectra due to the weak hybridization between the substrate and the ligand levels that is attributed to the formation of reduced dipole zwitterionic structures^[@ref54]^ and different binding patterns.

Conclusions {#sec4}
===========

In summary, the valence band UPS spectra and DOS calculations of undoped TiO~2~ and TiO~2~:Ni^2+^ reveal that the dipole moment of the surface ligands can be employed to reversibly tune the valence band bending of doped metal-oxide surfaces. Furthermore, the DOS calculations for the isolated BZA ligands coupled with the DFT of the ligand-bonded substrate films indicate a clear relationship between the ligand bonding strength/geometry and the hybridization of the ligand with the substrate levels. Moreover, selective control over hybridization between the ligand and Ti 3d (e~g~) levels is observed with Ni doping, which is crucial in resistive memory switches applications. Overall, this method of optimizing the interfacial orbital hybridization between the valence levels of the semiconductor and adsorbate, using surface dipoles of opposite polarity, provides an important means to develop chemically and mechanically robust doped metal-oxide alternatives for adaptive electronic applications.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00564](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00564?goto=supporting-info).GI-XRD patterns, XPS spectra, UPS spectra of films under BZA exposure cycles and various surface coverages, Kohn--Sham calculation details, and ball-and-stick model used for DFT calculations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00564/suppl_file/la0c00564_si_001.pdf))
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